Abstract By 2014 approximately 2.2 million km 2 (~43%) of Brazil's Legal Amazonia region had been incorporated into an extensive network of 718 protected areas, which are comprised by 372 indigenous lands, 313 federal, state and municipal (county) conservation units, and 33 Maroon territories (Quilombos). Although protected areas occupy vast expanses in Amazonia, their importance as carbon reserves needs to be better understood. In this study, we estimate the total carbon in 2014 held in protected areas in Brazil's BLegal Amazoniaâ nd BAmazonia biome^regions, and the carbon loss in the portions of these protected areas that were cleared by 2014.
Introduction
Amazonia is a large and dynamic reservoir of carbon that holds about 20% of the total carbon contained in the world's terrestrial vegetation (Malhi et al. 2006; Houghton 2007; Saatchi et al. 2007 Saatchi et al. , 2011 Baccini et al. 2012) . However, in the Brazilian portion of Amazonia a substantial amount of the carbon that was originally stored has already been lost due to clearing of forest and non-forest vegetation, the area cleared totaling at least 960,000 km 2 (Hansen et al. 2010 (Hansen et al. , 2013 Brazil, IBAMA 2015; Nogueira et al. 2015; . Additional carbon has been lost to degradation of standing forest, mapped to be around 92,000 km 2 from 1997 to 2013, after excluding degraded areas that were subsequently converted to deforestation (Brazil, INPE 2014) . Almost all Editor:Wolfgang Cramer.
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of the carbon that is Blost^from the vegetation is emitted as greenhouse gases such as carbon dioxide (CO 2 ) and methane (CH 4 ) (Fearnside 1997 (Fearnside , 2000 . This occurs whether biomass is oxidized via combustion or decay (Barbosa and Fearnside 1996) . When biomass is burned a small percentage is left in the soil as charcoal (see Fearnside 2016) . When standing forest is degraded, a small part of the carbon in decaying biomass is incorporated into the soil as organic matter (Barros and Fearnside 2016) , although these additions to the soil carbon pool can eventually be expected to be released.
Brazil holds roughly two thirds of Amazonia as a whole, regardless of how the region and its Brazilian portion are defined. Two sub-national regions in Brazil are used for different policies and laws related to Amazonia: BLegal Amazonia^and the BAmazonia biome.^BLegal Amazoniaŵ as decreed in 1953 based on geopolitical criteria and roughly one-quarter of this region was originally occupied by savannas and other non-forest vegetation, while the BAmazonia biome^was defined in 2004 by the Brazilian Institute of Geography and Statistics (IBGE) as the area where the predominant original vegetation was Amazonian forest (although it contains a variety of enclaves of other vegetation types). The Amazonia biome is entirely contained within Legal Amazonia (with the exception of a minuscule area in the state of Maranhão); when the distinction between the two regions is not important, we use the term BBrazilian Amazonia.^Information for both Legal Amazonia and the Amazonia biome is needed for policy relevance in Brazil because each of these officially defined geographical areas serves as the basis for a distinct set of policies and government activities.
In Brazil's BLegal Amazonia^region the original carbon stock of 71.8 Pg C (1 Pg = 10 15 g = 1 gigaton) had been reduced to 58.6 Pg C (a reduction of 18.3%) due to clearing of around 967,000 km 2 of primary forest and non-forest vegetation by 2014 (Cleared areas from : Brazil, IBAMA 2015; Biomass from: Nogueira et al. 2015) . The same analysis shows that the BAmazonia biome^had its original carbon stock of 67.2 Pg C reduced to 56.0 Pg C (a reduction of 16.7%) by around 673,000 km 2 of clearing. The term Bby^a given year is used in this paper to mean cumulative deforestation or carbon loss from the Bpre-modern^status (~1970) up to and including the official deforestation estimate for the year in question, the deforested areas being based on satellite imagery taken in July or August (dry season in most of Amazonia). The Bpre-modernŝ tatus refers to the condition at the time of the RADAMBRASIL surveys (Brazil, Projeto RADAMBRASIL 1973 -1983 . In response to the changes undergone by Brazil's Amazon forest, large natural or semi-natural areas have been delimited as Bprotected areas^to maintain endangered species and territories with high biodiversity (Bhotspots^) to halt the spread of deforestation and to protect traditional human populations. By 2014, around 2.2 million km 2 of Legal Amazonia (43%) had been delimited as some type of protected area (Brazil, MMA 2014 , 2015a Brazil, FUNAI 2015a; Brazil, INCRA 2015a) . Under Brazilian legislation, protected areas are essentially composed of Bconservation units^and territories traditionally occupied by Indigenous peoples or by Quilombo communities (Maroon territories). Quilombos are formed by descendants of fugitive slaves or by those with presumed African ancestry related to resistance to the historical oppression of slavery in Brazil (Brazil, Decree n°4887, 20 November 2003; Brazil, PNAP 2006; Matos 2006) . Conservation units are classified under Brazil's National System of Conservation Units (SNUC) into 12 categories, which are divided into Bstrictly protected^units (fully protected reserves) and Bsustainable-use^units (limited-use reserves) (Brazil, SNUC 2000) . Conservation units are defined as Bstrictly protectedŵ hen they are intended solely for conservation of biological diversity, with resource exploitation and human occupation being prohibited except for scientific research and restricted educational visitation (e.g., biological reserves, national parks, ecological stations, etc.). Conservation units are considered to be for Bsustainable use^when they seek to reconcile conservation with the sustainable use of natural resources. Continued habitation by traditional non-indigenous human populations is allowed, but with restrictions on the use of natural resources (e.g., extractive reserves, national forests, sustainable development reserves, etc.) (Brazil, SNUC 2000) . In the case of indigenous lands and Maroon territories, inclusion of human residents is inherent to the purpose of these areas in ensuring the survival and cultural protection of traditional populations, but this is presumed to occur with low-impact use of natural resources by the resident populations (Arruda 1999; Brazil, PNAP 2006; Nepstad et al. 2006) .
Although some protected areas that have been legally created are not effectively under protection (e.g., they lack agrarian Bregularization,^elaboration and implementation of a management plan, basic infrastructure and hiring personnel), these areas are considered to be one of the most straightforward and reliable means of reducing deforestation and forest degradation (Bruner et al. 2001; Andam et al. 2008) . Protected areas would be especially effective at preventing deforestation fires close to roads, where burning is known to be most likely (Laurance et al. 2002; Ferreira et al. 2005; Adeney et al. 2009; Barber et al. 2014) . In addition to reducing deforestation at the present time, protected areas remain to reduce deforestation in the future, which is generally not provided by government programs for repression and surveillance of deforestation (Dutschke 2007; Fearnside 2008; Nepstad et al. 2014) . Protected areas have a potential role in preventing the passing of climatic tipping points in the Amazon (Walker et al. 2009 ). Avoiding these regional climatic changes is essential because they would irreversibly affect ecosystem patterns (especially in drier ecosystems), even over a considerable range of deforestation scenarios (Nepstad et al. 2006; Dudley et al. 2010; Ricketts et al. 2010) . Protected areas play a major role in avoiding emissions from deforestation and from degradation resulting from logging and fire (Fearnside 2008) .
Carbon stocks currently held in Amazonia's protected areas are under lower risk of being emitted to the atmosphere from deforestation than is carbon stored in vegetation located outside of protected areas. Thus, besides the intrinsic environmental service of each non-emitted carbon atom in a protected area, which is the same as the benefit of any non-emitted carbon atom stored outside of protected areas, there will be an additional value for carbon stored in protected areas reflecting the effectiveness of legal protection in reducing the probability of future emission (Nolte et al. 2013) . Carbon stored in protected areas in locations at higher risk or pressure for deforestation has greater value than carbon in remote areas; this is because pressure for carbon emission is immediate, unlike carbon stored in remote protected areas (Fearnside 2008) . Carbon loss inside protected areas, as compared to that in the surrounding area, may be used as a measure of reserve effectiveness in preventing deforestation or forest degradation.
The effectiveness of protected areas in preventing deforestation, as indicated by comparing percentages of clearing inside these areas with clearing in a 10-km buffer around them, varies depending on the type, size and administrative level of the area, provided comparisons are within an area with comparable exposure to deforestation. In a study of 80 protected areas in the southwestern portion of the arc of deforestation, Vitel et al. (2009) found that large areas protect better than small ones, that indigenous lands protect better than other categories, and that federal-level conservation units protect better than state-level ones. Sustainable development units had somewhat better results than integral protection units, a counter-intuitive result that is probably explained by the finding by Nolte et al. (2013) in a study of 292 protected areas throughout Legal Amazonia showing that location near or far from deforestation frontiers overshadows any effect from protected-area type. Nolte et al. found that all protected-area types avoid deforestation and that indigenous lands and strictly protected areas are particularly effective in locations with high deforestation pressure.
In spite of the importance of protected areas as carbon reserves (Walker et al. 2014) , an aspect that undermines evaluations of environmental benefits of protected areas is lack of consistent estimates of carbon storage. Few estimates are available (e.g., Campbell et al. 2008a Campbell et al. , 2008b Walker et al. 2014) ; especially lacking are estimates that are based on representative sampling of Brazilian Amazonia as a whole and that include carbon stored in non-forest vegetation. In addition, estimates are lacking of the amounts of carbon lost in protected areas distributed throughout the Amazon that consider the categories of human-use restriction and the level of degradation that has already occurred.
We stress that deforestation is not the only threat to carbon stocks in Amazonian protected areas. Climate change also threatens these stocks, and this impact can be manifest through increasing levels of degradation as the region's climate regime moves to one characterized by a greater frequency of extreme droughts (e.g., Marengo and Espinoza 2016; Zemp et al. 2017) . These can kill trees directly by surpassing their tolerance for hydraulic stress and for higher temperatures. These stresses are intertwined, as plants require more water at higher temperatures. Based on projected annual mean temperatures from a variety of climate models, Feeley et al. (2016) found that by 2050 almost all protected areas in Brazilian Amazonia will have Bdisappearing climates^(as defined by Williams et al. 2007) , meaning that, assuming there is no migration of species between protected areas (migration is unlikely for trees on a time scale of decades), many of the present species would not survive. A positive effect of future increases in atmospheric CO 2 is a reduction in the water requirements of trees that makes them more resilient to drought stress. However, higher CO 2 would exacerbate an already apparent increase in lianas, which are favored both by higher CO 2 and by dryer climate (Fearnside 2013; Laurance et al. 2014a, b) . Another essential factor is forest fires, which will also be favored by the changed climate. Fires kill trees even if CO 2 is abundant.
In the present study, we will estimate (i) the amount of carbon stored in vegetation in protected areas in Legal Amazonia and the Amazonia biome from a recently published biomass map (Nogueira et al. 2015) , including carbon storage in both forested and non-forested vegetation formations. Among the uses for this information is its relevance to efforts to reward avoided greenhouse-gas emissions through REDD+ (Reducing Emissions from Deforestation and forest Degradation) projects. The information is also relevant to decisions on creating new protected areas and on reinforcing those that already exist. We used biomass mapping free of any clearing or non-natural disturbances to estimate (ii) the amount of the carbon reduction caused by clearing in protected areas with various degrees of conservation and land-use restriction. Finally, we use the same biomass dataset and methodological approach to evaluate (iii) how much of the carbon remaining in 2014 in Legal Amazonia and the Amazonia biome was in protected areas, and we discuss the implications of these results for management strategies.
Materials and methods

Protected areas in legal Amazonia and the Amazonia biome
In the present study, we analyzed 718 protected areas in Legal Amazonia created from 1959 to 2014, which cover (without overlapping) 2.18 million km 2 , or about 43% of the region. Of this total, 600 are located in the Amazonia biome, where these protected areas cover 2.03 million km 2 or about 48% of the biome. Vector maps of Legal Amazonia and the Amazonia biome were used to select protected areas that have over 50% of their area inside the boundaries of these regions (Brazil, MMA 2015b (Brazil, Decree n°4887, 20 November 2003 , Brazil, FUNAI 2015a Brazil, INCRA 2015a; Brazil, MMA 2015b) . The spatially referenced database of protected areas was organized and analyzed using ArcGIS® software by ESRI (2017). Information on Esri® software is available at http://www.esri.com.
This study did not include all Maroon territories in Legal Amazonia or in the Amazonia biome because many of these territories are still undergoing the process of recognition or certification. In the present study, we analyzed only the 33 Maroon territories for which land titles had been emitted and for which vector maps were available on INCRA's website (see Brazil, INCRA 2015a, b; Fundação Cultural Palmares 2015) . Similarly, the present study included only Private Reserves of Natural Heritage (RPPNs) for which geographical information was available from the Brazilian Ministry of Environment (Brazil, MMA 2015b ).
Estimates of carbon loss and remaining stock in protected areas
The carbon stored in each protected area was estimated using algebraic maps in ArcGIS software by overlaying the vector map of protected areas in Legal Amazonia and in the Amazonia biome on the biomass maps for these regions available in Nogueira et al. (2015) . The same map was used to estimate the total amount of carbon loss caused by clearing in protected areas. Carbon was calculated from biomass (oven-dry weight) using the average carbon content of 48.5% in forest near Manaus measured by da Silva (2007). The map was based on reconstructing the original vegetation types at a scale of 1:250,000, with each vegetation type assigned its corresponding average dry biomass per hectare, which includes both live and dead vegetation components above-and below ground (i.e., roots of trees, but excluding the soil carbon) (Nogueira et al. 2015) . Biomass values were obtained from 2317 1-ha plots sampled in forest as well as from 553 (1-ha each) plots in Bcontact zones^(ecotones) between two or more vegetation types and 1277 sub-plots of varied size obtained from 39 studies conducted in non-forest vegetation (Nogueira et al. 2008a (Nogueira et al. , 2015 . Biomass was estimated mainly from wood volume (n = 2860 plots), for which data were obtained from RADAMBRASIL inventories. Allometric equations were used to estimate biomass in only 10 plots (1 ha each) in forest located in southwestern Amazonia and in some plots or sub-plots covered by vegetation classified as non-forest (see Nogueira et al. 2008a Nogueira et al. , b, 2015 .
In the plots inventoried by RADAMBRASIL, wood volume of all tree boles with DBH ≥ 31.8 cm was estimated (Nogueira et al. 2008a ). Wood volume of tree boles with DBH ≥ 10 cm and <31.8 cm were added using a volume expansion factor (VEF). Based on the estimated wood volume of all trees with DBH ≥ 10 cm, biomass was calculated using the average wood density estimated for each plot after weighting by the proportional composition of the species (Nogueira et al. 2007 ). Other biomass pools were added based on their proportional contribution relative to the above-ground biomass of live trees with DBH ≥ 10 cm. These additional components include seedlings, small trees (DBH < 10 cm), dead trees (fallen and standing), roots of trees (but excluding the soil carbon), aboveground necromass, lianas, and palms (Nogueira et al. 2008a ; Table 1 ).
The result is biomass mapped for the whole of Legal Amazonia or for the Amazonia biome prior to the great increases in disturbance that began in the 1970s; this is denoted as Bpre-modern biomass^ (Nogueira et al. 2015) . These premodern biomass maps were used to estimate the Boriginalĉ arbon stock in each protected area in Legal Amazonia and in the Amazonia biome, free of any degradation caused by nonindigenous human use or by non-natural disturbances. This Bpre-modern^stock is considered in this study to be equivalent to the Boriginal^stock of the protected areas. This also serves as an indication of a baseline representing the stock when the protected areas were created. The carbon maps from other studies (e.g., Saatchi et al. 2011; Baccini et al. 2012) were not used to estimate carbon reduction in protected areas for two reasons: (1) because they did not report carbon free of degradation (and therefore would underestimate pre-modern biomass) and (2) because they did not provide carbon estimates for the whole of Legal Amazonia.
Carbon that had been held in the areas cleared by 2014 was estimated, thus allowing estimates of the gross reduction of carbon storage in protected areas by clear cutting (i.e., complete removal of forest or non-forest cover). This reduction was estimated for all categories of protected area. Reabsorption of carbon by secondary vegetation in areas abandoned after cutting or after use was not included in the carbon reduction estimate. Carbon held in the remaining vegetation in 2014 was estimated without considering additional losses in these areas from such processes as selective logging, illegal opening of roads, and forest fires. The area occupied by the original and remaining vegetation was calculated using a coordinate system in the Albers equal-area conic projection.
These areas were then multiplied by the mean carbon per hectare.
Cumulative clearing of vegetation by 2014 in each of the protected areas in Legal Amazonia and the Amazonia biome was obtained from maps available from the Project for Monitoring Amazon Deforestation (PRODES), which Grand total 718 (600) a Refers to surface occupied by all protected areas free of overlapping between areas of the same type, situated inside the boundaries of Legal Amazonia or the Amazonia biome b 'SU' refers to conservation units defined as Bsustainable-use^and 'SP' are conservation units defined as Bstrictly protectedĉ Includes indigenous lands with diverse official land-tenure status categories: In the case of Legal Amazonia the status categories are: BUnder study^(6 areas), BDelimited^(19), BDeclared^(28), BHomologated^(officially confirmed) (4), BRegularized^(319), and BInterdicted^(3); these areas harbor at least 157 ethnic groups. See Brazil, FUNAI (2015b) for details about stages in Bregularization^of indigenous lands d Includes only Maroon territories with officially recognized land tenure identifies areas as clear-cut if greater than 6.25 ha in area . Cumulative deforestation by 2014 was fully computed for all states in Legal Amazonia. PRODES deforestation monitoring uses images, mainly from the Landsat 5, 7, or 8 satellites (other satellites can be used, such as CBERS 2B, UK2-DMC and ResourceSat) with spatial resolution of 30 m, but resampled to 60 m in the maps provided on INPE's website (Brazil, INPE 2013) . In the case of protected areas in the states of Mato Grosso, Maranhão, and Tocantins, areas cleared by 2010 (polygons >2 ha in area) were also identified in non-forest vegetation types (mainly cerrado) monitored by the Deforestation Monitoring in Brazilian Biomes Project (PMDBBS) (Brazil, IBAMA 2015) . The PMDBBS monitoring used Landsat-5 TM with a resolution of 30 m and CBERS 2B-CCD with a resolution of 20 m (Brazil, IBAMA 2011 . Cumulative clearing of vegetation by 2014 for each protected area is given in the Online Resources (Table S1 ), including estimates of areas mapped as deforested but that overlap with watercourses.
Results
Carbon stocks in protected areas in 2014
In 2014 a total of 33.4 Pg of carbon was held in all of the protected areas in Legal Amazonia and 32.7 Pg C in the Amazonia biome, with average stocks in the vegetation of 158.9 and 166.0 Mg C ha −1 , respectively (Table S2 ). The amount of carbon held in these protected areas was equivalent to 57.0% of the total carbon stock in native vegetation in Legal Amazonia in 2014 and 58.5% of the total carbon in the Amazonia biome, when calculated using the same biomass dataset and methodological approaches. Both in Legal Amazonia and the Amazonia biome, most of the protected carbon in 2014 was held in indigenous lands and in federal and state conservation units, which together stored approximately 99% of the total carbon stock in all protected areas analyzed in these regions, without discounting any overlaps between different types of protected areas (Tables S3 and S4 ). There were substantially lower amounts of carbon in municipal (county) conservation units and in Maroon territories, although the mean stock of carbon per hectare in the vegetation remaining in 2014 was high in all of the protected-area types analyzed (Tables S3 and S4 ). Carbon densities and protectedarea types are shown in Fig. 1 . More carbon is stored in sustainable-use conservation units than in integral protection units, both in Legal Amazonia and in the Amazonia biome, although in the sustainable-use units the magnitude of carbon loss is greater and average carbon loss per hectare is generally smaller, the only exception being state-level conservation units with the Bstrictly protected^re-gime in the Amazonia biome (Tables S5 and S6 ). Among the categories of conservation units in Legal Amazonia and the Amazonia biome (Fig. S1 in the Online Resources), most carbon is stored in national forests (15.7% or 2.8 Pg C) and state forests (12.9% or 2.3 Pg C), federal, state and municipal parks (~23.5% or 4.2 Pg C) and in extractive reserves (11.5% or 2.0 Pg C). The total remaining carbon stock and mean remaining carbon per hectare in 2014 for each protected area are given in the Online Resources (Tables S7-S9 ).
Carbon stock loss in protected areas
Considering all protected areas without any overlapping, there was a total carbon stock loss of 0.787 Pg C (or 2.3%) in protected areas in Legal Amazonia by 2014 and 0.702 Pg C (or 2.1%) in the Amazonia biome, assuming that previously each protected area was entirely covered with native vegetation without any degradation caused by human use or by non-natural disturbances (Table S2) . Considering protected areas situated in Legal Amazonia, loss of vegetation with the highest carbon density occurred in federal conservation units, while municipal conservation units had the lowest per-hectare carbon loss (Table S3) ) are found in all categories of protected area ( Fig. 1; Table S4 ).
Among the types of protected areas analyzed, the largest percentage of carbon loss occurred in the Maroon territories, both in Legal Amazonia and in the Amazonia biome, where about 10% of the carbon stock in the native vegetation was lost, usually in areas with the highest carbon density per hectare (Tables S3 and S4 ). However, the largest absolute amounts of carbon stock loss occurred in conservation units, mainly in state conservation units (Tables S3 and S4 ). Among the conservation-unit categories in Legal Amazonia, carbon loss occurred mainly in environmental protection areas (APAs) (60.2% or 0.333 Pg C), in extractive reserves (13.8% or 0.076 Pg C) and in national and state forests (12.1% or 0.067 Pg C). When protected areas in the Amazonia biome are analyzed, carbon loss occurred similarly in APAs (57.6% or 0.290 Pg C), in extractive reserves (14.5% or 0.073 Pg C) and in federal and state forests (13.2% or 0.067 Pg C). Considering all protected areas, the largest carbon reductions occurred in protected areas located in critical regions undergoing deforestation. Total carbon stock loss and mean carbon loss per hectare estimated for each protected area are shown in the Online Resources (Tables S7-S9 ).
Discussion
Other maps of Amazonian biomass have been developed by Saatchi et al. (2007 Saatchi et al. ( , 2011 and Baccini et al. (2012) . Mitchard et al. (2014) compared the spatial distribution of biomass in these maps, as well as that of Nogueira et al. (2008a) , which is an earlier version of the forest vegetation portion of the map used in this study, and found that these maps do not agree. Detailed comparisons of the data underlying these biomass maps show that the map used in the present study is based on many more ground plots than are the other studies (Fearnside 2016) . For the forest portion of Brazilian Amazonia, the map used in the present study (Nogueira et al. 2015 ) is based on 1-ha plots at 2317 distinct locations (and an additional 553 1-ha plots in Bcontact zones( ecotones) between rainforest and seasonal forest, savanna or campinarana), while that of Saatchi et al. (2007) is based on plots at 53 distinct locations of which 28 sampled ≥1 ha and Saatchi et al. (2011) is based on plots at 96 distinct locations of which 63 sampled ≥1 ha. The Baccini et al. (2012) estimate in Brazilian Amazonia is based on an undisclosed number out of a set of 283 0.16-ha plots distributed throughout the world's tropical forests. The variance of per-hectare biomass in tropical forest increases rapidly as plot size decreases below 1 ha (Clark and Clark 2000) . Even in studies with many carefully measured 1-ha plots in close proximity in the same forest type the variance is substantial. In forests near Manaus, Laurance et al. (1999) found 65 plots in the Biological Dynamics of Forest Fragments Project to have a mean aboveground live biomass of trees, including palms (based on trees >10 cm DBH with a 12% correction for small trees) of 356 ± 47 Mg ha −1 with a coefficient of variation (CV) of 13.2%, while in 72 plots in the Ducke Reserve, de Castilho et al. (2006) found a mean aboveground live biomass for trees, including palms, of 327.8 ± 41.9 Mg ha −1 with a CVof 12.8% (based on all trees ≥30 cm DBH in each 1-ha plot, trees 10-29.9 cm DBH in a 0.5 ha subplot, and trees 1-9.9 cm DBH in a 0.1 ha subplot). For samples at widely separated locations the variance is substantially greater, making widely distributed sampling locations a priority for reducing uncertainty in regional biomass estimates (Fearnside 2016) . Note that the RADAMBRASIL dataset used in the present study is much more widely and evenly distributed than are the data underlying other studies (Fearnside 2016) . Information is needed on Amazon forest biomass in a form that can be used in calculating the benefits of avoiding deforestation and degradation in specific territorial units, such as protected areas. A first step is the information presented here on the Boriginal^(pre-modern) biomass of the forests that presently remain standing at these locations (Tables S7-S9 ). The role that these protected areas play as a bulwark against regional and global climate change faces a wide variety of threats from degradation and from outright deforestation.
Conclusions
In addition to their value for the conservation of biological diversity, protected areas in Brazilian Amazonia are valuable ) in the protected areas in Brazil's Legal Amazonia and Amazonia biome regions because they hold very large amounts of carbon. Protected areas account for most of the carbon that remained stored in the vegetation of Brazil's Legal Amazonia and Amazonia biome regions in 2014. This carbon is especially valuable because it is in areas that are under legal protection; protection reduces the risk of future emission, although these areas have varying levels of permitted access and use of natural resources.
Historically, protected areas have been established following criteria for biological conservation and for maintaining traditional human populations, but changes in global climate make it necessary to incorporate maintenance of carbon stocks as one of the ecosystem services that justifies creating and maintaining these areas. This highlights the importance of carbon estimates in protected areas as a tool for defining development policies for the Amazon region.
